Introduction
Methods for transformation of higher plants employing Agrobacterium have been well established for dicotyledonous species but not for monocotyledonous species, except in a few cases (Bytebier et al., 1987) . Transformation of plants in Gramineae with Agrobacterium, including Agrobacterium-mediated infection of plants with viral genomes, has been attempted in several laboratories (Chan et aL, 1992 (Chan et aL, , 1993 Gould et al., 1991; Grimsley et al., 1988; Mooney et al., 1991; Raineri et al., 1990; Schl~ppi and Hohn 1992; Shen et al., 1993) . Rained et al. (1990) obtained transformed rice cells that expressed neomycin-phosphotransferase (NPT) and 13-glucuronidase Received 4 January 1994; revised 25 April 1994; accepted 29 April 1994. *For correspondence (fax +81 538 32 8700).
(GUS) activities and they suggested that T-DNA had been transferred to, integrated in, and expressed in, rice cells. Gould et al. (1991) described the transfer of genes for NPT and GUS into shoot apices of corn, subsequent regeneration of plants, and detection of the transferred genes in the F1 progeny by Southern hybridization.
These early studies of Agrobacterium-mediated transformation of monocotyiedons have, however, been controversial. For example, Potrykus (1990) presented a critical review of the cited reports and suggested that the various authors might have overlooked the possibility of gene expression by Agrobacterium attached to inoculated tissues and to the plantlets regenerated from them, as well as transformation of microorganisms that were silently infecting the host plant tissues. Potrykus concluded that there was no unequivocal evidence for stable transformation of monocotyledons with Agrobacterium.
Appropriate evidence for such transformation would be a demonstration of random integration of transgenes into chromosomes in a number of independent transformants, with Mendelian segregation of transgenes in the progeny. Recently, Chan et al. (1993) obtained a few transgenic rice plants by inoculating immature embryos with a strain of A. tumefaciens. They proved the inheritance of the transferred DNA to the progeny by Southern hybridization, although the progeny of only one plant was analysed.
We now present further evidence in an attempt to resolve the controversy. Our evidence is based on molecular and genetic studies of a large number of transgenic rice plants and the analysis of T-DNA junctions in rice. We also show that co-cultivation of calli, derived from scutella, with A. tumefaciens can produce rice transformants with an efficiency similar to that of transformation in dicotyledons.
ResuBs

Production of hygromycin-resistant, GUS-expressing plants from rice tissues inoculated with A. tumefaciens
Various tissues from rice, namely, shoot apices and segments of roots from young seedlings, scutella, immature embryos, calli induced from young roots and scutelia, and cells in suspension cultures induced from scutella, were 
aCluster of 1-2 mm in diameter was counted as a piece of tissue.
co-cultivated with A. tumefaciens EHA101(plG121Hm) ( Figure 1 ) and GUS expression was examined immediately ( Figure 2a , Table 1 ). Expression of GUS was detected in all of the tissues examined apart from the root segments. The calli derived from scutella gave the highest ratio of GUS-expressing tissue to inoculated tissue, and GUS expression in immature embryos was observed mainly in scutella. Rice tissues that had been co-cultivated with A. tumefaciens EHA101 (piG121 Hm) were cultured on hygromycincontaining medium. Proliferation of cells on the selective medium was observed in the case of the calli induced from scutella (Figure 2b ), immature embryos and cells in suspension culture (Table 1 ). The calli gave the highest frequency (23%; 169/743) of tissue pieces that produced hygromycin-resistant cells. The proliferating regions showed evidence of the uniform expression of GUS (Figure 2c ).
Calli derived from scutella were co-cultivated with four strains of A. tumefaciens and then cultured on selective medium. LBA4404(pTOK233) (Figure 1 ) gave the highest frequency of callus pieces that produced hygromycin-resistant cells (Table 2 ). The superiority of LBA4404(pTOK233) was especially evident in the case of cv. Koshihikari.
Most of the colonies of cells that recovered from the first round of selection proliferated on the second selective medium. Plants were readily regenerated when the resistant cells were transferred to a regeneration medium that contained hygromycin (Figure 2d ). The frequency of regeneration ranged from 50 to 80% of selected colonies. Hundreds of hygromycin-resistant plants that stably expressed GUS activity were obtained. The most efficient strain, LBA4404(pTOK233), produced such plants from all of the cultivars tested, at frequencies between 12.8
R i c e t r a n s f o r m a t i o n
.P= ~. and 28.6% relative to the number of pieces of scutellumderived calli that had been co-cultivated with bacterial cells (Table 3) . Many of the hygromycin-resistant cells showed uniform blue staining in the histochemical assay for GUS. However, some of the colonies of cells included unstained areas which suggested that some of the hygromycinresistant colonies were chimeric. GUS assays of segments of leaves or roots from regenerated plants resulted in blue staining of entire samples in most cases ( Figure   2e and f), but chimerism (periclinal chimeras and dot-like chimeras) was occasionally observed.
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Characterization of the plants in the Ro generation
Hygromycin-resistant, GUS-expressing plants were grown in a greenhouse, and evaluated for ploidy, morphology and fertility. A total of 103 plants (cv. Tsukinohikari) from co-cultivation of scutellum-derived calli with EHA101 (plG121Hm) and 196 plants (93 of cv. Tsukinohikari and 103 of cv. Koshihikari) from that with LBA4404(pTOK233) were examined. All of the plants were diploid, as revealed by flow-cytometric analysis (data not shown), and none of them exhibited morphological aberrations. In terms of fertility, by contrast, variations from complete sterility to full fertility were observed. Nevertheless, the majority (about 70%) of transformants produced as many seeds as seed-derived control plants ( Figure 2g ). The progeny of semi-fertile transformants are now under evaluation for fertility, and preliminary data indicate that they are full fertile.
Hygromycin-resistant, GUS-expressing plants were analyzed by Southern hybridization. For example, DNA from 29 plants derived from 20 independent colonies of resistant cells of cv. Tsukinohikari, which were produced by co-cultivation of scutellum-derived calli with EHA101(plG121Hm), was digested with Hindlll and allowed to hybridize with the hptand gus probes (some of the resultant data are shown in Figure 3a and b). Since the T-DNA of plG121Hm has a single Hindlll site ( Figure  1 ), the number of hybridizing bands reflected the number of copies of integrated genes in the plants unless repeats of multiple copies of the T-DNA had been integrated. Most of the detected bands represented fragments of more than 6.0 kb, which is the minimum size of hybridizing fragments expected from the map of plG121Hm ( Figure 1 ). Plants regenerated from a given colony of cells gave an identical pattern, indicating that these plants were clonal. Otherwise, the mobilities of the bands differed from plant to plant. The copy number of integrated genes varied from one to six (Table 4 ). Several DNA from a non-transgenic plant (C) and transformants (la 12b) was digested with Hindlll, fractionated by electrophoresis, transferred to a nylon membrane, and allowed to hybridize to the hpt (a) or the gus (b) probe.
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plants gave signals only with the hpt probe, a few others gave signals only with the gus probe, and some of the fragments that hybridized with the gus probe were smaller than 6.0 kb (data not shown). These unexpected DNA fragments were probably produced by rearrangement of DNA upon transformation.
Inheritance of the marker genes
The selfed progeny were evaluated for resistance to hygromycin and GUS expression. The patterns of segregation of the offspring of 39 plants from the 20 independent colonies of cells described above are shown in Table 4 . Resistant and sensitive seedlings were clearly distinguishable on agar plates that contained hygromycin (Figure 2h ), and a segregation ratio of 3:1 was observed for 12 out of the 20 independent clones. The majority of the progeny showed clear segregation of GUS-positive and GUS-negative plants, and the estimated numbers of loci were consistent with those estimated on the basis of resistance to hygromycin.
The estimated numbers of loci were smaller than the numbers of copies of the genes that were measured by Southern analysis in some plants. It is likely that more than two copies of genes were integrated close to one another on a chromosome of such a plant. A few plants showed strange segregation patterns (plants 11, 18a, and 196) . For example, the number of hygromycinresistant plants was smaller than that of sensitive plants in the progeny of plant 19e. Plants that gave unusual segregation ratios for hygromycin resistance gave similar results for GUS activity. Furthermore, plants that were chimeric for GUS activity were observed among such plants (progeny of plants 11, 18a, and 19e) .
The R1 progeny of plants lb, 3a, 8a, 9, 10c and 12a, which gave segregation patterns of 3:1 or 15:1 for both hygromycin resistance and GUS expression, were analysed by Southern hybridization (parts of the data are shown in Figure 4) . All of the hygromycin-resistant, GUSpositive progeny generated bands that hybridized with the hpt and gus probes whereas all of the sensitive, negative progeny did not.
Clear Mendelian segregation for hygromycin resistance and for GUS expression was also observed in the R2 progeny of plants l a, 3a, 8a, 9, 10c and 12a. For example, the a 2 progeny of two-thirds of the hygromycinresistant, GUS-positive R1 plants from plant 10c were hygromycin-resistant, GUS-positive plants and hygromycinsensitive, GUS-negative plants at a ratio of 3:1. The R 2 progeny of the remaining one-third were exclusively hygromycin-resistant and GUS-positive. The R 2 progeny of the hygromycin-sensitive, GUS-negative R1 plants from plant 10c were all sensitive to the drug and negative for GUS activity. 1  1  36  14  1  15  5  1  9  2  2  23  7  1  15  5  1  10a  2  1  36  14  1  17  3  1-2  10b  2  1  32  8  1  16  4  1  10c  2  1  72  28  1  14  6  1  11  6  6  89  41  1  2 14  4  ?  12a  1  1  40  10  1  15  5  1  12b  1  1  70  20  1  13  7  1  13  2  2  47  13  1  16  4  1  14  4  4  30  10  1  15  5  1  15  1  1  54  26  1  15  5  1  16a  2  2  42  18  1  15  5  1  16b  2  2  31  9  1  15  5  1  16c  NT  NT  21  9  1  14  6  1  16d  NT  NT  31  9  1  15  5  1  17a  2  1  45  5  2  17  3  1-2  17b  NT  NT  40  0  2-3  15  5  1  18a  3  3  29  21  ?  7 6  7  ?  18b  3  3  48  12  1  16  4  1  19a  3  2  26  14  1  17  3  1-2  19b  3  2  36  14  1  17  3  1-2  19c  3  2  31  9  1  17  3  1-2  19d  NT  NT  27  13  1  15  5  1  19e  NT  NT  8  32  ?  0 13  7  ?  20  2  2  47  13  1  16  4  1 aTransformants with designations that differ only in the letters of the alphabet were regenerated from a single colony of cells. R, resistant; S, susceptible; C, chimera; NT, not tested.
boundaries corresponded precisely to the site found in tobacco transformants (Yadav et al., 1982; Zambryski et al., 1982) . The two other right junctions had two more bases that might have originated from T-DNA. The five left boundaries were in the 25 bp repeat region like the left boundaries found in tobacco transformants. Figure 4 . Southern analysis of the R1 progeny of transformants 3a, 9 and 12a. DNA from Ro transformants (0), hygromycin-resistant and GUS-positive R1 progeny (1, 2, 5, and 6), and hygromycin-sensitive and GUS-negative R1 progeny (3 and 4) was digested with Hind,I, fractionated by electrophoresis, transferred to a nylon membrane, and allowed to hybridize to the hpt (a) or the gus (b) probe.
Analysis of the boundaries of the T-DNA
The junction regions between rice genomic DNA and T-DNA were amplified from selective transformants and nucleotide sequences were determined. The sequences of three right boundaries and five left boundaries from rice that had been transformed with strain EHA101 (piG121Hm) are shown in Figure 5 together with the sequence of the T-DNA borders of pTiT37 (Yadav et aL, 1982; Zambryski et aL, 1982) , which is the source of the T-DNA borders in plG121Hm. One of the right
Discussion
The advantages of Agrobacterium-mediated gene transfer over other methods that can be used for the transformation of higher plants include the high efficiency of transformation, the transfer of pieces of DNA with defined ends, the transfer of relatively large segments of DNA, and the absence of a requirement for protoplast-culture techniques. Therefore, this type of gene transfer is normally the method of choice when more than one method is available. The ability of Agrobacterium to transform monocotyledons has been the subject of a serious debate for some time, since these plants are not natural hosts of this bacterium.
The controversy now appears to be resolved, at least for rice, since the present study and that of Chan et al. (1993) have clearly demonstrated the stable integration of foreign DNA in rice chromosomes in a process mediated by A. tumefaciens, as well as the Mendelian transmission of the DNA to the progeny. We obtained hundreds of independent transformants of three cultivars of japonica rice, and more than 20 plants were characterized in detail.
Various factors affected the efficiency of transformation. Optimization of the conditions of tissue culture and of the condition of co-cultivation was of a critical importance. The composition of the medium was especially important for the koshihikari cultivar, which generally 
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Left boundary pTiT37 rlce 2 rice 10a rice ii* rice ii* rice 12a Figure 5 . Sequence analysis of T-DNNplant DNA junctions. Sequences of the junctions found in selective rice transformants are shown below the sequences of the T-DNA borders of pTiT37. Sequences presumably originated from rice genomic DNA are shown in lower case letters, and bases that could originate from either T-DNA or rice genomic DNA are shown in italic. A consensus sequence for right junctions in tobacco transformants is shown between the pTiT37 and rice sequences. 'n' stands for any nucleotide. *Rice plant 11 had multiple copies of T-DNA and the sequences of two left boundaries were determined. (Toriyama and Hinata, 1985) , MS vitamins (Murashige and Skoog 1962), 500 mg 1-1 casamino acids, 68.5 g I -+ sucrose, 36 g 1-1 glucose, 100 llM acetosyringone, pH 5.2.
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N6 major salts, N6 minor salts, and N6 vitamins (Chu 1978) , sucrose 20 g 1-1, 2 g 1-1 Gelrite (Merck), pH 5.8.
N6F medium plus 70 mg 1-1 hygromycin.
Half-strength N6 major salts, N6 minor salts, N6 vitamins, AA amino acids, 1 g I -+ casamino acid, 20 g 1-1 sucrose, 0.2 mg 1-1 naphthaleneacetic acid, 1 mg 1-1 kinetin, 3 g 1-1 Gelrite, pH 5.8.
N6S3 medium plus 10 g 1-1 glucose and 100 p.M acetosyringone, pH 5.2.
N6S3 medium plus 250 mg 1-1 cefotaxime and 50 mg 1-1 hygromycin.
N6 major salts, N6 minor salts, N6 vitamins, 2 g 1-1 casamino acid, 20 g 1-1 sucrose, 30 g 1-1 sorbitol, 1 mg 1-1 2,4-D, 0.5 mg 1-1 6-benzyladenine, 100 mg 1-1 hygromycin, 250 mg 1-1 cefotaxime, 2 g 1-1 Gelrite, pH 5.8.
Half-strength N6 major salts, N6 minor salts, N6 vitamins, 2 g 1-1 casamino acids, 200 ml 1-1 potato extract a, 20 g 1-1 sucrose, 30 g 1-1 sorbitol, 1 mg 1-1 2,4-D, 0.5 mg 1-1 6-benzyladenine, 100 mg 1-1 hygromycin, 250 mg 1-1 cefotaxime, 2 g 1-1 Gelrite, pH 5.8.
N6 major salts, N6 minor salts, N6 vitamins, 1 g 1-1 casamino acids, 30 g 1-1 sucrose, 2 mg 1-1 2,4-D, 2 g 1-1 Gelrite, pH 5.8.
2N6 medium without Gelrite.
2N6 medium plus 10 g 1-1 glucose and 100 llM acetosyringone, pH 5.2.
2N6 medium plus 250 mg 1-1 cefotaxime and 50 mg 1-1 hygromycin.
Half-strength N6 major salts, N6 minor salts, N6 vitamins, 1 g 1-1 casamino acids, 200 ml 1-1 potato extract, 30 g 1-1 sucrose, 2 mg I -I 2,4-D, 250 mg 1-1 cefotaxime, 50 mg 1-1 hygromycin, 2 g 1-1 Gelrite, pH 5.8.
apotato extract was prepared as follows: 200 g of potato tubers were peeled, cut into pieces of 1-2 cm 3, mixed with 1 I of water and autoclaved at 120°C for 10 min. Then the supernatant was added to media as indicated.
shows poor responses in tissue culture, during the preliminary stage of this study. Since many high-quality cultivars of japonica rice are related to Koshihikari, the methods described here should be very useful in rice breeding. Important variables related to the conditions of co-cultivation include addition of acetosyringone to the media and a temperature between 22°C and 28°C; transformation was not successful when acetosyringone was omitted or co-cultivation was carried out at a temperature higher or lower than that range (data not shown). Although Chan et aL (1993) indicated that the addition of medium from a suspension culture of potato cells to the co-cultivation medium was essential, our methods did not require such additions. The choice of tissues as starting material was one of the most important factors. Various tissues were screened for their responses to co-cultivation with A.
tumefaciens. GUS expression in the tissues immediately
after infection offered a good indication of preferable tissues. Pretreatment of tissues, for example, by wounding or enzymatic digestion of cell walls, was not necessary. Such pretreatments were found to be essential in other studies (Chan et aL, 1993; Moony et aL, 1991; Raineri et aL, 1990) . The intron-gus (Ohta et aL, 1990) was a convenient marker gene since this gene is strongly expressed in rice cells but not in A. tumefaciens cells that attach to the tissues. Early expression of GUS was observed in tissues that included shoot apices and immature embryos, tissues that were successfully transformed in previous studies (Chan et al., 1993; Gould et al., 1991 ; Raineri eta/., 1990) . However, only a few transformants were obtained from immature embryos and none were obtained from shoot apices. The results of this study clearly indicate that callus cultures initiated from scutella are excellent materials for transformation of rice by Agrobacterium.
The patterns generated by Southern hybridization differed among our transformants, strongly indicating that T-DNAs were randomly integrated in the rice genome.
The DNA fragments that hybridized to the hpt and gus probes clearly did not originate from contaminating A. tumefaciens used in the transformation because the vectors in strains employed would have given bands of fragments of defined sizes, for example, a 15 kb band from plG121Hm, in the analysis. Rearrangement of DNA, for example, deletion of part of the T-DNA, was occasionally observed, as is also the case in Agrobacterium-mediated gene transfer in dicotyledons (Deroles and Gardner, 1988; Komari, 1989 Komari, , 1990a .
Genetic analysis of the R1 and a 2 progeny also provided conclusive evidence of the incorporation of T-DNA into rice chromosomes. Hygromycin resistance and GUS expression were inherited by the R1 and R2 offspring in Mendelian fashions, and the data from Southern analysis of the R1 generation supported the genetic data. The progeny of a limited number of transformants showed unusual patterns of segregation. Since these lines included plants that were chimeric for GUS expression, it appeared that the chimerism in the R0 generation affected the segregation ratios. Chimerism in transformants produced by A. tumefaciens has also been reported in tobacco (Schm~Jlling and Schell, 1993) but has not been a limiting factor in the application of the technique. Sequence analysis of the junctions between T-DNA and plant DNA in the rice transformants revealed that the T-DNA boundaries in rice were essentially the same as those in dicotyledons (Yadav et a/., 1982; Zambryski et al., 1982) . This evidence provides further support for the hypothesis that T-DNAs are transferred from Agrobacterium to dicotyledonous and monocotyledonous plants by an identical molecular mechanism.
The performance of so-called 'super-virulent' strains of A. tumefaciens has been emphasized in previous reports (Chan et aL, 1993; Gould et aL, 1991; Raineri et aL, 1990) , as well as in this study. Since strains that carried pTiBo542, a 'super-virulent' Ti plasmid, were reported to operate very efficiently in transformation (Jin et al., 1987; Komari, 1989) , two new types of system based on pTiBo542 have been developed. The first involves strain EHA101 (Hood et aL, 1986) , which carries a 'dis-armed' version of pTiBo542, and this strain has been popular in trials aimed at transformation of monocotyledons. The second involves what is known as a 'super-binary' vector, in which a DNA fragment from the virulence region of pTiBo542 is introduced into a small, T-DNA-carrying plasmid (Komari, 1990b) used in a binary vector system Hoekema et aL, 1983) . In this study, we tested combinations of two strains and two vectors. The strains were an 'ordinary' strain LBA4404 (Hoekema et aL, 1983) , and a 'super-virulent' strain EHA101. The vectors were plG121Hm, a derivative of the 'normal' binary vector pBIN19 (Bevan, 1984) , and pTOK233, a derivative of a 'super-binary' vector pTOK162 (Komari, 1990b) .
In transformation experiments, LBA4404(pTOK233) was slightly more effective than both LBA4404(plG 121 Hm) and EHA101(plG121Hm) with cv. Tshukinohikari and it was definitely the most effective with cv. Koshihikari. Contrary to our expectations, EHA101(pTOK233) was, for unknown reasons, not very effective for transformation of rice. These data suggest that an 'ordinary' vector/strain combination is similar to improved combinations in the transformation of cultivars that are 'easy' to grow in tissue Rice transformation by Agrobacterium 279 culture, while the choice of vectors and strains is important for transformation of 'difficult' cultivars. Since LBA4404(pTOK233) transformed the two types of cultivar equally efficiently, strains such as LBA4404(pTOK233) will be very useful in genetic engineering of rice. We even have preliminary data to suggest that LBA4404(pTOK233) might also be able to transform cultivars of indica rice.
We have developed a method for consistent production of stable transformants of rice of three cultivars at frequencies between 10 and 30% using scutellumderived calli inoculated with A. tumefaciens. It was easy to produce more than 20 independent transformants in a single series of experiments without complicated manipulations in tissue culture. The efficiency of the method seems similar to that of the transformation of dicotyledons with the bacterium. Furthermore, the majority of plants produced by this method were free of morphological aberrations, probably as a result of the fact that the cells were maintained in culture in vitro for a short time, about 4 months from the initiation of callus to the transfer of regenerants to soil, as compared with the protoplast-mediated methods, which require at least 6 months. Therefore, Agrobacterium-mediated gene transfer is now available as a straightforward and routine method for the genetic modification of rice.
Experimental procedures
Rice cultivars and culture media
Cultivars of japonica rice, namely, Oryza sativa L. Tsukinohikari, Asanohikari and Koshihikari, were used in transformation. Media used for tissue culture are listed in Table 5 .
Shoot apices, roots and ca/li derived from roots
Mature seeds were dehusked, sterilized with 70% ethanol for 1 min and then with 1.5% (w/v) NaCIO for 30 min. They were rinsed thoroughly with sterile water and allowed to germinate on N6F medium at 25°C in darkness for 3 days. Segments of 0.5 mm x 1 ram, consisting of shoot apices plus two or three leaves, and segments (5-10 mm in length) of roots were excised from the germinating seeds and used for transformation experiments. Calli were induced by culturing some of the root segments on 2N6 medium at 30°C in darkness for 3 weeks. Actively growing pieces of calli (about 1 mm in diameter) were used for transformation experiments.
Scutella, calli derived from scutella, and suspension cultures
Mature seeds, dehusked and sterilized as described above, were cultured on 2N6 medium at 30°C in darkness. After 5 days, scutella were excised from some of the seeds and used for transformation experiments. After 3 weeks, proliferated calli derived from scutella of the remaining seeds were subcultured on fresh 2N6 medium for 4 days. Actively growing pieces of calli (1-2 mm in diameter) were used for transformation experiments. Pieces of calli derived from scutella were suspended in 2N6L medium and cultured on a rotary shaker (125 r.p.m.) at 25°C in darkness. The medium was changed every 7 days. Cells in the logarithmic phase of growth (4 days after the third or fourth subculture) were used for transformation experiments.
Immature embryos
Developing seeds were collected 10 days after anthesis, hulled, and sterilized with 70% ethanol and 1.5% NaCIO. Then immature embryos (about 1 mm in length) were excised aseptically and used for transformation experiments.
Bacteria/strains and plasmids
Agrobacterium tumefaciens strains LBA4404 (Hoekema et al., 1983) and EHA101 (Hood et aL, 1986) have been described previously. Plasmids were introduced into these strains by electroporation (Sambrook et aL, 1989) . A. tumefaciens was grown on AB medium (Chilton et aL, 1974) at 28°C.
A gene for GUS, which has an intron in the N-terminal region of the coding sequence and is connected to the 35S promoter of cauliflower mosaic virus, was constructed by Ohta et aL, (1990) . This intron-gus reporter gene expresses GUS activity in plant cells but not in the cells of A. tumefaciens (Ohta et al., 1990) . plG121Hm ( Figure 1 ) is a binary vector that contains a kanamycin-resistance gene (npt), a hygromycin-resistance gene (hpt), and the intron-gus in the T-DNA region, plG121Hm was introduced into LBA4404 and EHA101. piG221 (Ohta eta/., 1990) was digested with EcoRI, treated with T4 DNA polymerase, and circularized with a Hindlll linker (5'-CAAGCTTG-3'). The resultant plasmid was digested with Hindlll and the 3.1 kb fragment, which contained the intron-gus, was inserted into the Hindlll site of pGL2, a derivative of pUC18 (Yanisch-Perron, et al., 1985) that contained hpt, to generate pGL2-1G, pTOK162 (Komari, 1990b) , a binary vector that contained virB and virG from Ti-plasmid pTiBo542, was introduced into LBA4404 and EHA101. pGL2-1G was subsequently introduced into LBA4404(pTOK162) and EHA101(pTOK162). The resultant strains contained a co-integrated form of pTOK162 and pGL2-1G generated by homologous recombination. The cointegrated form is referred to as pTOK233 (Figure 1) . Thus, pTOK233 contained npt, hpt and intron-gus in the T-DNA region as did piG121Hm.
Transformation
A. tumefaciens strains LBA4404(plG 121Hm), EHA101 (piG121Hm), LBA4404(pTOK233) and EHA101(pTOK233) were grown for 3 days on AB medium supplemented with 50 mg 1-1 hygromycin and 50 mg 1-1 kanamycin. The bacteria were collected with a small spoon, and suspended at a density of 3-5 × 10 9 cells ml -~ in AAM medium.
The rice tissues described above were immersed in the bacterial suspension for several minutes and then transferred without rinsing on to 2N6-AS medium (all tissues except for shoot apices) or N6S3-AS medium (shoot apices), and incubated at 25°C in darkness for 3 days. After the co-cultivation, the materials were rinsed thoroughly with 250 mg I -~ cefotaxime in sterile water and placed on 2N6-CH medium (all tissues from Asanohikari and Tsukinohikari apart from shoot apices), N6S3-CH (shoot apices), or 2N6K-CH (all tissues from Koshihikari), and cultured for 3 weeks. Colonies of cells that had proliferated on the first selection medium were excised and cultured on N6-7-CH medium (tissues from Asanohikari and Tsukinohikari) or N6-7K-CH (tissues from Koshihikari) for 10 days. Colonies of cells that had proliferated were plated on a regeneration medium, N6S3-CH, and incubated at 25°C under continuous illumination (about 2000 lux). Regenerated plants (Ro generation) were eventually transferred to soil in pots and grown to maturity in a greenhouse.
Test of the progeny for resistance to hygromycin
Selfed seeds (R1 and R 2 generations) of transformants were sown on N6F medium and, 2 or 3 days later, the seeds were transferred to N6F-H medium and cultured under continuous illumination at 25°C. Drug resistance was scored 7 days after the transfer; the shoots and roots of resistant seedlings grew normally on the selection medium.
Assay of GUS activity
Expression of GUS in rice cells was assayed essentially as described by Rueb et aL (1989) with 5-bromo-4-chloro-3-indolyl glucuronide (X-Gluc) as substrate. Segments of rice tissues were incubated in phosphate buffer (50 mM NaPO4, pH 6.8) that contained 1% Triton X-100 at 37°C for 1 h. The buffer was removed and fresh phosphate buffer containing 1.0 mM X-Gluc and 20% methanol was added to the segments. The reaction mixture was placed under a mild vacuum for 5 min, incubated overnight at 37°C, and then tissues were examined visually. Cells that expressed GUS were dark blue. Leaf segments were washed twice in 99% methanol for 2 h before the visual examination.
Isolation of DNA and Southern hybridization
DNA was extracted from leaf tissues by the procedure described by Komari eta/. (1989) . DNA (5-20 I~g) was digested with Hindlll and fractionated on a 0.65% agarose gel by electrophoresis at 1.5 V cm -~ for 15 h. Southern hybridization was carried out as described by Sambrook eta/. (1989) . The probe for hpt was the 1.1 kb BamHI fragment from pGL2-1G and the gus probe was the 1.9 kb Sall-Sacl fragment from pGL2-1G.
Sequencing of border regions of the inserted T-DNA
Junction regions of the introduced T-DNA and rice genomic DNA were analysed using cassette-ligation-mediated potymerase chain reactions (PCR), as described by Isegawa et al. (1992) .
The cassette and cassette primers were purchased from Takara (Kyoto, Japan).
DNA isolated from the transformants was digested with Mbol and ligated to a Sau3AI cassette that consisted of the sequences 5 '-GTACATATTGTCGTTAGAACGCGTAATACGACTCAC TATAGGGA-3' and 3'-CATGTATAACAGCAATCTTGCGCAI-FA TGCTGAGTGATATCCCTCTAG-5 '.
The reaction mixture (50 111) for the first PCR consisted of an aliquot of the ligase reaction mixture (50 ng of template DNA), 50 mM KCI, 10 mM Tris-HCI (pH 8.3), 1.5 mM MgCI2, 0.01% gelatin, 0.2 mM each of dGTP, dATP, dTTP and dCTP, 1 unit of
